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Abstract Social networks are an example of complex systems consisting of nodes
that can interact with each other and based on these activities the social relations are
defined. The dynamics and evolution of social networks are very interesting but at
the same time very challenging areas of research. In this paper the formation and
growth of one of such structures extracted from data about human activities within
online social networking system is investigated. Dynamics of both local and global
characteristics are studied. Analysis of the dynamics of the network growth showed
that it changes over time—from random process to power-law growth. The phase
transition between those two is clearly visible. In general, node degree distribution
can be described as the scale-free but it does not emerge straight from the beginning.
Social networks are known to feature high clustering coefficient and friend-of-
a-friend phenomenon. This research has revealed that in online social network,
although the clustering coefficient grows over time, it is lower than expected. Also
the friend-of-a-friend phenomenon is missing. On the other hand, the length of the
shortest paths is small starting from the beginning of the network existence so the
small-world phenomenon is present. The unique element of the presented study
is that the data, from which the online social network was extracted, represents
interactions between users from the beginning of the social networking site existence.
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The system, from which the data was obtained, enables users to interact using
different communication channels and it gives additional opportunity to investigate
multi-relational character of human relations.
Keywords online social network · complex system dynamics · network growth
and evolution · dynamics of relationships of different types · local and global
network characteristics
1 Introduction
The increasing complexity, dynamics and evolution of real-world networks combined
with our constantly growing capabilities of gathering network data from natural
and technology-based networked systems make network analysis one of the key
challenges in the area of complex systems. The analysis of real-life complex networks
is at the early stages and requires a lot of effort in both developing the tools and
approaches to tackle them as well as understanding the nature and functioning of
such networks.
Each complex networked system consists of large number of connected dynamic
units whose behaviour is time-dependent, i.e. time factor cannot be neglected during
analysis. The structure of complex networks is irregular and constantly evolving. The
organization of these networks typically implies a skewed distribution of relations
with many hubs, strong heterogeneity and high clustering as well as non-trivial
temporal evolution.
Existing methods and models that have been developed to help us understand
the changes occurring in complex networks are only partially useful for modelling
of social systems. One of the elements that has not been investigated is how the
dynamics of the evolution changes. The intuition suggests that social networks evolve
at different pace at different development stages but there is no reported research in
this area that confirms or rejects this statement.
One of the main goals of this study is to investigate the growth of real-world net-
work from its beginning and understand the dynamics of its evolution. Moreover, the
system under consideration enables the users to participate in more than one activity,
i.e. people can contact each other directly by adding others to the contact list or post
their views and opinions at the forum. This gives another view on social relationships
as people can use different communication channels to exchange information, and
this is an important factor that should also be taken into consideration during the
analysis.
Over the last few decades, the online social networks have become a very
important element of World Wide Web and they are a source of large amount
of information that can be used to shape the future Wisdom Web of Things [27].
Online social networks mining is one of the Web Intelligence tools [28]. Analysis
of people behaviours and interactions in the online world as well as how these
behaviours change over time is a crucial element when it comes to create and
compose personalised services in the Wisdom Web of Things.
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2 Related work
The main area of this study is the growth and its dynamics of complex social networks
where more than one type of relationship can exist. In this section first the concept
of Complex Social Multinetwork (CSM) is briefly presented. After that different
methods that enable to investigate the dynamics of social networks are discussed
in order to introduce the reader into the world of network evolution.
2.1 Complex Social Multinetwork
Each Complex Networked System (CNS) consists of multiple interacting compo-
nents whose global behaviour cannot be simply inferred from the behaviour of
the individual parts [2, 11]. One of the examples of CNS are social networks that
consist of nodes (social entities: humans or groups of people) and relationships
(edges) linking pairs of nodes [23]. The whole research field of social network
analysis has been developed over the years and its goal is to investigate social
networks [6, 8, 9, 23]. Although social networks are one of the categories of complex
networks, Newman and Park claim that the they differ from most other types of
networks [20] because: (i) they show high clustering and/or network transitivity,
and (ii) they show positive correlations also called assortative mixing between the
degrees of adjacent vertices [19]. A relatively recent trend in the complex networked
systems research is the exploration of social media that allow users to interact and
collaborate with each other in many different ways, both directly and indirectly
[3, 21, 26]. For instance, a social networking service allows to publish photos,
comment and tag them, mark them as favourite, add other user to contact list,
join user groups, comment profiles or photos, categorize photos, post in topics, etc.
[12, 22]. The extracted from data social networks can be usually both multirelational
and multimodal. The former ones are networks that consist of more than one type of
relationship while the latter have more than one type of node. Different relations can
emerge from different communication channels, i.e. based on each communication
channel separate relation is created. Different nodes can be extracted from different
systems, e.g. a set of email users and a set of blog users. These systems are known
as Complex Social Multinetworks and their concept is presented in Figure 1, where
the id denotes a user identifier in a given network (e.g. an email address in an
email network). Each user can have more than one identifier, e.g. user x and user
y have two ids as they participate in two different networks (e.g. networks created
based on communication using email and instant messenger). The set of ids of a
given user is called virtual identifier (vid). R1, · · · , R7 denote different types of
relationships that exist between users. R1, · · · , R3 are the relation types that can
be distinguished in the first multirelational social network MRSN1 and those of
type R4, · · · , R7 exist in MRSN2. For more information about this concept please
see [17].
The network that has been analysed in this study features different types of rela-
tions but the set of nodes is the same for all relation types, i.e. it is a multirelational
network.
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Figure 1 Concept of Complex Social Multinetwork.
2.2 Dynamics of social networks
In the last few years the problem of investigating dynamics of social networks has
become an important research challenge. Most of the approaches that try to address
the complex network growth take into consideration some global characteristics of
the networks and develop models that reproduce these characteristics, e.g. node
degree distribution [1], clustering coefficient [24] or network diameter [4]. There
are some approaches that aim at developing specific models for online social net-
works and take into consideration some information characteristic to such networks
[5, 7, 14–16].
In [14], based on the analysis of real-world networks such as Flickr and Yahoo
360!, users have been divided into three different types: passive, linkers and inviters.
Authors define system that follows specific set of rules used to describe the evolution
of the social network. The method that describes the network growth can be defined
as the set of steps: (i) at each time step, a node arrives, and one of the statuses:
passive, linker, or inviter is randomly assigned to it; and (ii) during the same time
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step, x edges arrive and the source of each of the edges is chosen at random from the
existing inviters and linkers in the network using preferential attachment. Depending
on the chosen type of source node (inviter or linker) different actions is performed.
In [7] researchers focus on discovering patterns of interactions between users and
their evolution over time. Authors propose to create a graph that represents a social
network but additional information is the time-stamp added to each relation when it
appears in the network for the first time. Similarly to the previous presented study,
also this one assumes that the users and the relations between them can only be
added to the system and will never disappear.
Another framework for network growth was developed in [15] where authors
studied four online social networks: Flickr, Delicious, Answers and LinkedIn. They
proposed to apply the maximum-likelihood estimation principle to compare a family
of parameterised models in terms of their probability of generating the observed
data, and as a result to select the model that reflects data in the best possible way. For
every edge arriving to the network the probability that it will connect two given nodes
under some model is assessed. The product of these probabilities over all edges gives
the likelihood of the model and the model with the highest probability is perceived
as the best one.
Yet another set of approaches that take into consideration the fact that links
can disappear from the network are those which exploit the dynamic centrality
phenomena [5, 10]. In [5] authors have detected a dramatic time dependance in
network centrality and the role of nodes, something that is not apparent from the
static analysis of node connectivity and network topology. Authors found that the
daily networks were scale-free but the well-connected nodes from these networks
changed from day to day.
Although all the methods described above model the growth of the networks,
none of them investigates the dynamics of this growth. This study analyses the
evolution of a network starting from its creation and aims to measure the dynamics
of the network growth.
3 Methodology
The goal of this research is to analyse how the network evolves from the very
beginning, from the first relation that has appeared within the network. The research
methodology employed in this work is outlined in Figure 2. The building blocks of the
methodology are: (i) data preparation and network extraction process, (ii) network
characteristics that will be investigated, and (iii) plan of the experiments together
with their further analysis and evaluation.
3.1 Data description
The system from which the data has been obtained is a social networking site for
people who are building or improving their houses (extradom.pl1). Members can
1Queries regarding the access to the dataset should be sent to katarzyna.musial@kcl.ac.uk.
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Figure 2 Research methodology.
share their experiences, discuss topics related to different projects of houses, share
photos, comment others projects and participate in the forum. The data that has
been used were obtained in the *.sql format. Information about contacts includes
such information as identifiers of users in a relationship and the time stamp of the
connection creation (int user_id; int contact_user_id; datetime creation_date). Data
regarding forum contains identifiers of each topic, post and its author as well as
time stamp of the post creation (int post_id; int topic_id; int post_author; datetime
creation_date). The database schema of the analysed data is presented in Figure 3.
3.2 Network extraction
The first step is to extract the social networks to be analysed from the available data.
The subset of data that was analysed includes information how people participate in
different posts in the forum and who is connected to whom in terms of the contact
Figure 3 Used database schema.
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list. During this study three networks have been created: (i) network based on the
posts within the topics at the system forum, (ii) network based on the contact list in
the system, and (iii) network created by merging contact and forum networks. The
relationship exists in the contact network if there is information about their contact
in the contact list that each user creates (similar to the list of friends on Facebook).
The edge in the forum network is created if people post in the same topic within
the forum. In the merged network the relationship between two nodes exists only if
it is present in both contact and forum networks. The network extraction process is
presented in Figure 4.
3.3 Network characteristics
The characteristics that were analysed in this study are: number of nodes and edges,
node degree distribution, network density, shortest paths, clustering coefficient and
triads.
Network density (D) is expressed as ratio of the number of connections in a given
graph to a number of possible connections within this graph—D = 2·EV·(V−1) , where
E—no. of relations; V—no. of nodes.
Figure 4 Networks extraction process.
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The concept of the Shortest Paths (SP) is used to define whether the network
features the small-world phenomenon i.e. whether it is easy or not to reach any other
node in the network. The shortest path between two nodes is defined in this study as
the minimum number of connections that separates these two nodes.
Clustering Coefficient (CC) is the next characteristic that is investigated in this
paper. Suppose a vertex v has neighbours N (v), with |N (v)| = kv . At most kv(kv −
1)/2 edges can exist between them (this occurs when v is part of a kv-clique). The
clustering coefficient [25] of the vertex, Cv , is defined as the fraction of these edges
that actually exist.
Finally, the dynamics of the local structures—motifs of size 3 (a.k.a. triads) will
be performed. Triads are subgraphs that consist of three nodes. As the networks
are undirected, only 8 different triads can be distinguished. All triad structures
are presented in the Figure 5. Note that the sets of triads (2, 3, 5) and (4, 6, 7)
are topologically equivalent. However, in the analysis the decision was made to
distinguish them as the nodes in the social networks are labelled.
3.4 Experimental set-up
Experiments were performed in two blocks: (i) event-by-event analysis and (ii) time
windows analysis. The goal of the first set of experiments was to investigate how the
number of nodes, interactions and in consequence number of relationships change
over time. Also the merged contact-forum network was investigated in order to find
out which relationships (in contact list or at forum) are created first.
In the second set of experiments further dynamics of extracted social networks
were analysed. In order to do that the whole dataset has been divided into time
windows using two different techniques. The first one was to divide available data
into separate, disjoint windows of size 30 days each. The second approach was to use
a growing window, where the initial window covered 30 days and each consecutive
has been created by taking the previous one and appending data from the next 30
days. For all the networks node degree distribution, clustering coefficient, shortest
paths distribution, and local topology features (triad count) were evaluated in each
Figure 5 Analysed triads and their numbers used in the further part of the study.
World Wide Web (2013) 16:421–447 429
of the extracted windows. Note that 16 time windows were created and this covers
first 480 days of network existence. The remaining data that covers 26 last days in
the dataset was not analysed as it was not possible to create based on it 30 day time
window. This data has been neglected to ensure both the consistency of the approach
and the outcomes of the analysis.
Please note that, the size of time window for splitting the data has to be carefully
selected. Too large window will cause that the interesting patterns can be not visible
and too small window can bring too much noise to the analyses. The previous study
on this dataset revealed that in the 90-day time window an interesting seasonality
can be observed [13]. This was caused by the fact that people tend to build houses in
the spring and summer period whereas during winter their activity in this direction is
much smaller.
In this study, in the case of separate time windows, the dataset has been split into
windows of size 30 because the preliminary study showed that smaller windows result
in networks where no interesting patterns in terms of number of nodes and edges
could be found. Please note however, that this paper is focused on growth of network
so most of the experiments were performed on growing windows where next window
contains the previous window. In such situation the size of the growth influences the
granularity of information. In this case growth smaller than 30 days did not provide
additional information and larger one caused that although the trends in network
growth were visible, they had discrete character what makes them hard to analyse.
After performing all experiments, the results are analysed in terms of network
dynamics and its character. Changes in local and global networks’ characteristics
enable to assess the changes in network dynamics.
4 Experiments analysis and discussion
The experiments and their outcomes are described in an order that is presented
in Figure 2. In Section 4.1 the basic networks characteristics, such as number of
nodes/edges, networks density are presented. After that the event by event analysis
of extracted networks is discussed (Section 4.2). This includes changes in number
of nodes and edges over time as well as the origin of the relationships. In Section 4.3
the time window analysis is performed where data has been divided into separate and
growing time windows. The characteristics investigated in this part are: node degree
distribution, shortest paths, clustering coefficient and finally the triads evolution.
4.1 Basic networks characteristics
The first stage of the experiments was to investigate the basic characteristics of
networks extracted from the gathered data (see Table 1). Data from the system
comes from the period between 21/08/2008 and 08/01/2010, which covers the first
16 months of its existence. The number of users of the system during this period is
103,716.
The number of nodes in the contact network is much bigger than in the forum
network. In the contact list 102,928 users can be identified. It means that the network
is very sparse as there is only 112,363 connections and the full graph for this number
of nodes would have more than 6 · 109 connections. Similar situation appears within
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Table 1 Characteristics of extracted contact and forum networks.
Characteristic Contact network Forum network
Time period 21/08/2008, 15:13:54– 21/08/2008, 16:12:18–
08/01/2010, 15:12:19 08/01/2010, 15:18:07
Number of nodes 102,928 3,535
Number of relationships 112,363 8,110
Number of interactions 112,363 23,060
Network density D = 2·EV·(V−1) 1.78 · 10−5 2.47 · 10−4
E—no. of relations;
V—no. of nodes
the forum network where the number of relations is 8,110 and there are more than
3 · 107 possible relations. Both networks are sparse—the network density D is 1.78 ·
10−5 for the contact network and 2.47 · 10−4 for the forum network.
The number of interactions and relations for the contact network is exactly the
same as one adds somebody to the contact list only once and there are no other
possible interactions between people within the contact list. The situation is different
when it comes to the forum network. Here the number of interactions is bigger than
the number of relations as the interaction is defined as posting within the same topic
and two users can post together multiple times within different topics.
4.2 Event by event analysis
4.2.1 Number of nodes in time
The changes of the number of nodes in time are presented in Figure 6. Both charts
show how the number of users in the forum and contact networks grows in time, but
chart (a) presents the changes in log–log scale and (b) in linear scale.
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Figure 6 Growth of number of users in time for forum and contact list networks; a log–log scale, b
linear scale. Time is expressed in seconds [s].
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The contact network for the first 15 days grew by 50 users whereas during the first
23 days of network existence only 13 people posted at the forum.
In Figure 6 at the left chart the thin line shows the linear function y = x. It can
be noticed that during the first period (up to day 15 in the contact network and up
to day 23 in the forum network) the number of nodes grows much slower than the
linear function, but after that the growth is faster than linear. Moreover, the number
of nodes in contact list grows much faster than the number of users in the forum
network. This can be caused by the fact that the main goal of people signing to the
network is to seek advise regarding their house projects. Most of them add user with
id 87 (marked in Figure 6), who is a consultant, to their contact list and this causes
the boost in the number of users in the contact list network.
In addition, although people may read the forum, they tend not to participate, i.e.
they do not post or comment the forum entries. It shows the nature of the network
where people seek advise but do not intensively share their experiences. User 87
seems to highly influence the evolution of the network. Once s/he joined the network
the number of contacts in the network increases. The fact that s/he has only one post





























































Figure 7 Changes of number of interactions/relations in time for forum and contact list networks.
Time is expressed in seconds [s].
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The communication on the forum is limited to occasional comments within a group
of people who previously added themselves to each other contact list. Nevertheless,
based on the analysed data user with id 87 seems to trigger the evolution of both
contact and forum networks. The information about the professional consultant,
who joined the systems, spread across the network and also in the real world. In
consequence more people have started joining the network and the phase transition
in the number of nodes occurred.
4.2.2 Dynamics of the number of relations
The second measure of network dynamics are the changes in the number of relations.
There is 224,726 connections in the social network based on the contact list and
8,110 relations in the forum network. Note that these relations are undirected. The
changes in the number of interactions (number of posts) and relationships in the
forum network as well as in the number of both interactions and relations in contact
network are presented in Figure 7. Note that number of interactions and relations
for the contact network is really the same thing because the only interaction that can
be recorded at the contact list is when one user adds another one to the contact list.
The situation with the number of relations is very similar to the one with
the changes of the nodes number. At the beginning the growth is slow—only 79
interactions up to the 20th day of forum network life and 68 relations up to the
15th day of contact network existence. After that the number of relations grows
faster. In the forum network this growth follows the power law with the exponent
equal to 1.57 (i.e. it is super-linear) and linear growth can be observed for the contact
network (Figure 8). This difference can be easily explained. When a user posts within
a specific topic, the interaction is counted every time this user posts something. In
the case of contact list one person adds another to the contact list only once. Also
for the forum network, there is around three times more interactions in comparison
to number of relations and it shows that there is no much communication within a








































Figure 8 Changes of number of interactions in time for forum (after day 20th) and contact list (after
day 15th) networks. Time is expressed in seconds [s].
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they seek advice and when they get (or not) the answer they do not further sustain
the relationship. This shows that the forum network has rather interest- than social-
based character. This was also confirmed in the study on this dataset in [13].
An interesting phenomenon can be observed in the case of contact list as user
with id 87 is involved in 102,800 of the relationships extracted in the contact network
but he has only two relationships when it comes to the forum network. This person
is a consultant who advises individual people but does not participate in general
discussions at the forum.
4.2.3 Do relationships at forum emerge after relationships in contact list?
Another interesting feature is to investigate which relationships, these in contact list
or these in the forum, emerge first. To analyse this the forum and contact networks
were merged.
The number of relationships from the merged network, where a link between
nodes in both forum and contact network was present, equals to 1,158. It constitutes
only 0.52 % of all relations from the contact list and 14.29 % of all connections at
the forum. It means that in most cases people maintain only one type of relationship.
The experiments revealed that all relations from the merged network have been first
created in the contact list and then the common activities in the forum have followed.
If people interact using both types of relations then these connections origin from
contact lists. This shows that relationships that are created first on forum never
evolve into the direct relationship in the contact network and it seems to confirm
the fact that the activities within the system are interest rather than social based.
4.3 Time windows analysis
4.3.1 Characteristics of networks in time windows
The general statistics regarding the number of nodes and distinct relations are given
in Table 2 (separate windows) and Table 3 (growing windows).
Splitting data into separate time windows shows the level of user activity in specific
time periods. In Figure 9 the number of nodes and edges in all networks for each time
window is shown. For contact-forum network the number of nodes and edges grow
from one window to another. Similar trend is visible in the case of the forum network.
However, in this case between windows 6 and 12 we observe a “stability period”,
where not a lot has changed in terms of the number of nodes and edges. Although the
number of nodes/edges remains close to constant, it should be emphasized that the
set of people participating in the forum in each of these time frames is significantly
different. This leads us to the conclusion that even if the global features such as the
number of nodes or edges are stable, it does not entitle us to say that the network
does not change. The number of nodes and relations for the growing windows feature
very similar pattern as shown in Figure 6.
The interesting conclusion from Figure 9 and based on the previous research on
this dataset in [13] is that people tend to come to the network just for a specific
period of time. In [13] it was shown that people tend to be active only within one
time window (90 days).
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Table 2 Characteristics of the separate 30 days time windows.
Window No. of No. of No. of No. of No. of No. of
no. nodes relations nodes relations nodes relations
contacts contacts forum forum merged merged
1 1,818 1,890 28 32 11 14
2 6,740 6,843 145 146 20 14
3 8,794 8,968 213 179 27 18
4 5,759 5,842 228 193 24 15
5 7,107 7,136 322 270 52 35
6 8,667 8,737 491 479 79 59
7 8,109 8,175 530 483 85 66
8 6,260 6,271 462 388 76 45
9 9,956 10,071 543 465 83 65
10 10,425 10,479 532 460 108 83
11 4,961 5,002 564 529 118 90
12 4,661 4,611 561 489 112 82
13 5,108 5,125 752 742 147 118
14 5,241 5,290 737 788 140 105
15 7,558 7,787 904 987 175 131
16 5,818 6,070 1,135 1,343 150 179
4.3.2 Degree distribution
The next characteristic that has been examined is the degree distribution. Consid-
ering the whole network, in the contact network there is one node with degree
102,800. The rest of the degrees are from the range [1; 244]. There are 98,010 nodes
with degree 1 and it constitutes 95 % of all nodes. For more details please refer to
Figure 10b.
Table 3 Characteristics of the time windows growing by 30 days.
Window No. of No. of No. of No. of No. of No. of
no. nodes relations nodes relations nodes relations
contacts contacts forum forum merged merged
1 1,818 1,890 28 32 11 14
2 8,541 8,733 158 175 27 25
3 17,183 17,701 307 340 42 37
4 22,745 23,543 450 519 57 48
5 29,650 30,679 640 766 90 77
6 37,980 39,416 932 1,217 129 115
7 45,626 47,591 1,217 1,667 173 160
8 51,533 53,862 1,453 2,016 205 185
9 61,084 63,933 1,720 2,441 242 229
10 70,955 74,412 1,966 2,859 285 279
11 75,310 79,414 2,205 3,329 332 329
12 79,400 84,025 2,400 3,747 375 368
13 83,837 89,150 2,662 4,394 414 413
14 88,247 94,440 2,880 5,074 459 456
15 94,949 102,227 3,118 5,914 512 511
16 99,740 204,910 3,374 7,064 553 557























































































Figure 9 Dynamics of number of nodes and edges in windows of size 30 days.
In the forum network the node degree distribution is not as diverse as in the case
of contact network. The highest node degree is 419 and there is one user with such
high degree. The rest of the users have number of relationships between 1 and 291.
Note that only 10 users have node degree above 100 (Figure 10a). Figure 10c presents
one more node degree distribution where forum and contact networks were merged
in a way that only relations which exist in both networks (forum and contact) were
considered. In this network, the smallest node degree is 3 and its probability is 0.37.
On the other hand the maximum degree is 261 and only one node has this number of
connections.
Note that all the distributions are the long tail distributions where only a few nodes
are highly connected and there is a lot of weakly connected individuals.
In order to investigate the dynamics of the node degree distribution of the
networks, the growing windows were analysed (see Section 3 for more details). It
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c) Node degree distribution for network where relationship exists







Figure 10 Node degree distribution for all extracted networks network for entire analysed period.
can be noticed that regardless the type of relationship the more nodes are added to
the network, the more scale free distribution is visible (see Figures 11, 12 and 13).
The number of nodes with degree 1 is especially high for the contact network and
it constitutes more than 95 % of all nodes for all windows. In the forum network the
percentage of nodes with degree one decreases in time. In Window 1 it is 60 %,
in Window 5 it is 52 %, in Window 10—48 %, in Window 15—30 %. Finally in
Window 16 there is more nodes with degree 2 (31 %) than degree 1 (23 %). It shows
that the network is getting more and more denser in time (this is also confirmed in
the Section 4.3.3 where distribution of shortest paths are considered. In the merged
network the percentage of nodes with degree one is more than 62 % and less than
71 % in all windows but it does not feature any interesting pattern.
4.3.3 Shortest paths
Analysis of the shortest paths allows to determine whether the networks feature the
small-world phenomenon that is typical for social networks. In other words, this part
of experiment examines the length of paths between the users. If the paths are short,
then it is possible to reach other network members in just a few steps. The study
also investigates the evolution of the probability distribution of shortest path length
in time. The results are presented in Figures 14, 15 and 16 for contact, forum, and
merged networks respectively.
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The network based on contacts does not change over time in terms of shortest
path length distribution. For each growing time window the maximum length equals
to 5 and on average the shortest path has length 2. For all time windows except the
first one, over 99 % of shortest paths have length 2. In the case of window 1, path of
length 2 constitutes 97 % of all shortest paths. This is quite an interesting observation
as the contact network is very sparse—its density equals to 1.78 · 10−5 (see Section
4.1). It shows, that although basing on the global characteristic such as density one
could say that the network is not well connected, further investigation into shortest
paths revealed that traversal through this network can be done very effectively, as
the shortest path between two users equals 2 on average and its maximum value
is 5. This effect is caused by the user with id 87 who is in the relation with almost

















































































































































Figure 11 Degree distribution for forum networks for growing windows.
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Figure 12 Degree distribution for contact networks for growing windows.
length of shortest path and very low clustering coefficient (see Section 4.3.4). This
network can be described as degenerated scale-free network with only one hub.
The forum network exhibits much more variety in terms of shortest paths than
the contact network. Here, the maximum length of the shortest path, a.k.a. diameter
of the network, equals 21 and can be only observed in Window 8 with probability
1.461 · 10−6. In the first time window shortest path of length 3 has the highest
probability—0.41. In Window 2, length 3 is still the most probable (0.26) but in
Windows 3 and 4 the path of length 4 (0.26 and 0.21 respectively). For the remaining
time windows length 5 is the most probable (0.21). An interesting phenomenon can
be observed for path of length 6 as its probability is only a little bit smaller than for
the path of length 5. Starting from Window 8 the difference between probabilities
for path length 5 and 6 decreases. This process reverses after Window 12, when the
differences start to increase. This is the point in the evolution of the network where
new relations are still created but the number of nodes does not increase as rapidly
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as in the previous windows (8–12). See Table 3 where growth of number of nodes
and relations is presented for each time window.
For the last, merged network the distribution of the shortest path length and its
evolution is presented in Figure 16. As the number of nodes and relations grow in
consecutive time windows the shortest paths get longer as well. In Window 1 the
maximum length of shortest path is 4 and for Window 16 it equals 9. For windows
1–the shortest path with the highest probability (over 0.4 in each of the windows)
has length 2. For window 5 length 3 dominates in the network with probability 0.26.
For the rest of the time frames (6–16) length 4 of the shortest path has the highest
probability—over 0.24 for each window.
Note that, for all networks the probability distribution of shortest path length has a





















































































































































Figure 13 Degree distribution for merged networks for growing windows.





















































































Figure 14 Shortest paths length distribution for contact network for growing windows.
small values—2 for contact network, 5 for forum network and 4 for merged networks
and, which confirms the small-world phenomenon.
4.3.4 Dynamics of clustering coef f icient
The dynamics of clustering coefficient (CC) is presented in Table 4 and further in
Figure 17. Both Figure 17 and Table 4 include information about the mean clustering
coefficient for a given network in each time window (created using growing window
approach). The clustering coefficient grows in time for all networks but it is relatively
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small; for the social networks it is expected to be higher [20]. The smallest values of
the clustering coefficient are for the contact-forum network where it is at the level of
random networks. In consequence the contact-forum network does not feature the
phenomena where “fiend of my friend is my friend”.
4.3.5 Dynamics of local topology


























































































Figure 15 Shorthest paths length distribution for forum network for growing windows.





















































































Figure 16 Shorthest paths length distribution for merged networks for growing windows.
Triad analysis was performed for all three networks that were split using separate
and growing time windows. The results are presented in Figure 18. Each line denotes
one time window; the lines at the bottom of each chart reflect Window 1 and when we
move up along the y axes the successive lines represent the successive time windows.
In all charts the number of triads grows with the growth of the network in time.
It can be seen that when the dataset is split into separate windows the number
of specific triads grows systematically in the case of forum and contact network
(Figure 18a and c). The growth can be also noticed in the case of contact-forum
network but it is not regular (Figure 18e). When the network is analysed using the
concept of the growing window, the number of specific triads grows linearly with time
(Figure 18b, d, f).
World Wide Web (2013) 16:421–447 443




Window no. Forum net Contact net Forum-contact net
1 0.0022 0.0095 9.55 · 10−4
2 0.0015 0.0113 2.17 · 10−4
3 0.0018 0.0198 2.03 · 10−4
4 0.0020 0.0220 1.60 · 10−4
5 0.0021 0.0212 2.12 · 10−4
6 0.0028 0.0227 2.64 · 10−4
7 0.0031 0.0251 2.90 · 10−4
8 0.0035 0.0256 2.19 · 10−4
9 0.0036 0.0249 3.58 · 10−4
10 0.0038 0.0249 3.76 · 10−4
11 0.0045 0.0268 4.20 · 10−4
12 0.0051 0.0282 4.37 · 10−4
13 0.0060 0.0295 4.83 · 10−4
14 0.0069 0.0315 5.21 · 10−4
15 0.0081 0.0322 5.54 · 10−4
16 0.0100 0.0336 5.51 · 10−4
In the system there are no triads of type 1, i.e. there are no isolated nodes. The
interesting outcome of the analysis is that triad number 3, 5, and 7 in all networks are
more frequent than other triads, which is a property stable over time. The element
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Figure 17 Dynamics of the mean clustering coefficient in forum, contact and merged networks for
growing windows.
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Figure 18 Triads for forum/contact/merged networks for separate and growing windows.
that is surprising is that triads number 4, 6, and 7 are more frequent than triad
8. In social networks triad 8, where all three nodes are connected, is perceived as
very common and it is referred to as the “friend of my friend is also my friend”
phenomenon. For sparse networks the occurrence of the triad 8 is very low (close
or equal to zero in large random networks) and its appearance in our dataset clearly
suggests above-average clustering met in most social networks. On the other hand,
triads number 4, 6, and 7 is usually not present in social networks. Although triads
number 4, 6, and 7 are structurally equivalent their frequencies differ. It suggests that
the network topology is not regular and for user a, who is an element of many triads
of type 7, his neighbours are not highly connected. This results in a local star topology
and indicates that the user id 87 was assigned a position during triad counting. Thus
the number of triads suggests that there are differences in the roles the users play
in the local network structure. In the case of triad count with node identification
the structurally equivalent triads should appear in similar numbers if the user roles
(position in triads) are equally distributed.
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5 Conclusions
The presented study aimed at investigating the dynamics of social network evolution.
The experiments, using the real-world multirelational social network revealed that
from the global perspective the network evolves following the scale-free paradigm.
Although at the beginning the growth is random-like, for each analysed network a
point in time can be identified after which the networks start evolving as a scale-free
network. This point can be seen as phase transition for these networks.
The clustering coefficient for all networks is very low at the beginning but it grows
with time, which is also visible in the growing number of fully connected triads.
Nevertheless, it is not as high as in the case of regular social networks. On the other
hand the local analysis of the networks using triad dynamics showed that the “friend
of a friend” phenomenon is absent. This indicates that the network is not “social” in
the traditional sense, i.e. with high clustering and small-world properties. This can be
a result of the purpose for which the system has been created. Although it provides
services which aim to enhance the collaboration (i.e. sharing, commenting, posting,
responding to others opinions), the users are mainly looking for an advise from the
specialist (user id 87) or read what others have published. An indicator of this is
the fact that all analysed network are very sparse. Nevertheless, the short length of
the shortest paths in all networks shows that they feature small-world phenomenon
in terms of reachability in social networks, i.e. the process of reaching any node
in the network is quick and possible to realise in few steps. Taking all of this into
account, although the analysed networks feature the small-world effect, they are not
clustered and these two characteristics are typical for random networks. The similar
results were obtained while analysing vimeo system where people can follow other
users, tag and add videos to their likes. The results also showed rather low clustering
coefficient, lack of reciprocity and low networks density [18].
The analysis of actual dynamics of formation and growth of complex networks
gives us opportunity to model these networks in a more precise way and this in turn
enables us to describe and simulate such phenomena as spread of information and
ideas, disease spread, trust and reputation in networks, etc. Modelling online social
networks and investigation into their dynamics can be used to address such problems
of Wisdom Web as personalisation, social and psychological context, coordination or
semantics [29]. The investigation into the dynamics of people interactions can help to
progress the work on such challenges as users’ needs, common knowledge, or things’
relations [29].
One may also notice that in the case of a typical web portal the results of
social network analysis, especially when performed starting from the creation of the
network, may be different from the huge and popular portals like Facebook, Flickr or
Youtube. Moreover, considering more than one relationship type, different networks
in terms of scale and structure are obtained, which calls for heuristics for merging
networks composed of relations built on different bases.
A final conclusion of this study is that networks should be always investigated
using various metrics and measures as only a combination of them provides the full
picture and sufficiently detailed view on network characteristics and dynamics.
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